When cells of the anaerobe Streptococcus lactis 7962 are deprived of their normal fermentable energy source, active transport of galactosides is completely abolished although the membrane carriers are still capable of facilitating the equilibration of sugars across the cell membrane. In these nonmetabolizing cells it was possible to test the Mitchell hypothesis of obligatory coupling of proton movement with sugar transport. This hypothesis was supported by alkalinization of the medium observed when thiomethylgalactoside was added to a lightly buffered suspension of S. lactis cells. Conversely, addition of protons resulted in active transport of thiomethylgalactoside. Accumulation of thiomethylgalactoside to a concentration more than 20-times that in the external medium was induced by suddenly exposing cells to a medium at pH 6; no accumulation of thiomethylgalactoside was observed with cells exposed to pH 8.
6; no accumulation of thiomethylgalactoside was observed with cells exposed to pH 8. Active transport of thiomethylgalactoside occurred in the absence of energy metabolism when S. lactis cells were treated with valinomycin. This ionophore allowed intracellular K+ to flow out, thus imposing a membrane potential (inside negative). This potential resulted in a proton uptake and an associated active transport of galactoside. The membrane potential was measured from the distribution ratio (inside/outside) of K+ in the presence of valinomycin. The pH gradient was measured from the distribution ratio of [14C]methylamine. The protonmotive force, calculated from the membrane potential and the pH gradient, was found to be directly related to the accumulation of galactoside, in accordance with the chemiosmotic hypothesis.
In 1963 Mitchell (1) proposed that microorganisms couple the movement of protons down their electrochemical gradient with the uphill membrane transport of various substrates (substrate-proton symport). According to the chemiosmotic hypothesis, cells extrude protons either as a result of oxidative phosphorylation (aerobically) (2) or as a result of the activity of a membrane-bound ATPase (anaerobically) (3) . Such proton extrusion results in both a membrane potential (inside negative) and a pH gradient (inside alkaline). The (5) showed that such uncoupling agents also inhibited f3-galactoside transport in Escherichia coli without reducing the intracellular ATP level. They proposed that the inhibition of transport was due to the dissipation of a pH gradient induced by these proton conductors. In 1970 West demonstrated that addition of lactose to anaerobic E. coli (lacking 3-galactosidase) caused proton uptake (6) . Subsequently, West and Mitchell determined that the stoichiometry under these conditions was one proton translocated for every galactoside molecule (7, 8) . Recent evidence suggests that bacterial cells develop potential gradients of the order of 150-200 mV (inside negative) (9) and that the inside pH is alkaline with respect to the external medium (3) . Proton coupling to amino-acid transport in yeast has been demonstrated by Eddy and coworkers (10) . The application of the chemiosmotic hypothesis to the mechanism of energy coupling in bacterial transport has been reviewed by Harold (11) . 7.66) and second with 10 ml of 1 mM Tris-HCl buffer (pH 7.66). They were finally resuspended in 4 ml of 50 mM NaSCN plus 70 mM NaCl. The extracellular pH changes were followed at 250 with the apparatus described by West Potassium was assayed by filtering 0.1-ml aliquots of the reaction mixture at indicated intervals through Millipore filters (1.2-,um pore size) without washing. Each filter was then agitated vigorously with 0.1 ml of 9% n-butanol-H20 (v/v) and incubated for 30 min at 37°. Appropriate amounts of LiCl and water were added to give a final Li concentration of 300 ppm. The K+ content of the cell pellet was assayed with a flame photometer (Advanced Instruments Inc., Newton Highlands, Mass.).
The pH gradient across the cell membrane was calculated from the distribution of [14C]methylamine (15) . The rationale of this method is the assumption that the plasma membrane is very much more permeable to the unionized than to the ionized form of methylamine. Galactoside-Effected Proton Accumulation. When TMG was added to S. lactis cells under aerobic conditions in a lightly buffered medium, there was an increase in the pH of the medium (Fig. 1) . After 1 min the pH of the medium started to fall, and slowly returned to the baseline with a ti/, of about 2 min. The rate of fall of pH is similar to that seen after addition of small amounts of NaOH and results from the exit of protons from the cell. The same alkalinization was obtained under anaerobic conditions (not shown) In contrast, a mutant of S. lactis 7962 that is incapable of transporting TMG showed no increase in medium pH on galactoside addition (Fig. 1) .
Proton-Effected Galactoside Accumulation. If protons move into the cell in response to a gradient of sugar, the converse may also occur. Washed S. lactis cells were presented with media at different pH values and tested for capacity to accumulate radioactive TMG (Fig. 2) . When the cells were placed in buffer at pH 6, there was a temporary accumulation of sugar to a concentration 22-fold that of the medium. After reaching a peak at 2 min, the sugar concentration fell toward that of the medium. At pH 7.1 the sugar accumulation was smaller, only 2- (Fig. 3) . Correlation Between Sugar Accumulation and Protonmotive Force. The protonmotive force (Ap) was calculated for each point in Fig. 3 Fig. 3 and similar data for three other experiments are shown in Fig. 4 Fig. 5 summarizes the events believed to be taking place. During these experiments with valinomycin we observed a direct relationship between Ap and the accumulation of TMG (Fig. 4) . For convenience the force due to the TMG gradient was converted into electrical units which at 250 would be equal to: 59 log ([TMG] 0/[TMG]ut). From the Mitchell hypothesis discussed above one would predict a line parallel to the observed one, but passing through zero. The explanation for the discrepancy of 25 mV between the experimental and theoretical intercepts is not resolved, but two known factors would tend to bring the experimental data closer to the theoretical. First, the calculated value for the membrane potential is probably too high because the measured potassium ion concentrations were used rather than activities. The ionic strength within the cell is much higher than that in the medium, hence the activity coefficient of potassium ion is lower inside the cell than outside. Second, the concentration of potassium ions outside the plasma membrane, but inside the cell wall, is probably higher than that in the external bulk solution. A partial barrier to diffusion of small molecules, such as sugars, presented by the outer cell wall has been shown for E. coli (17) . Both of these factors would tend to reduce the membrane potential values used in Fig. 4 , and bring the experimental line closer to the one predicted by the hypothesis of proton-sugar coupling during transport.
